T umor necrosis factor-␣ converting enzyme (TACE) 5 is a member of the ADAM (a disintegrin and metalloprotease) family of type I transmembrane, Zn 2ϩ -dependent metalloproteases that are involved in ectodomain cleavage or "ectodomain shedding" of a diverse group of transmembrane proteins (see Refs. 1-3 for review). Many TACE substrates have now been identified, including TNF-␣, TNF-␣ receptor, CD30, CD40, CD44, L-selectin, VCAM, Notch, ligands of epidermal growth factor receptor (EGFR) family, and lymphocyte-activation gene 3 (4 -13) . Previous studies have suggested that the outcome of TACE cleavage is highly substrate dependent. Lack of TACE cleavage has been shown to influence cell function both intrinsically (such as TNF-␣ receptor, CD44, L-selectin, and Notch) (7-9, 11, 12) and extrinsically (such as TNF-␣ and EGFR family ligands) (7, 10, 12) .
Despite the identification of a large number of TACE substrates by in vitro analysis, the physiological function of TACE in vivo has been difficult to determine due, in large part, to the early postnatal lethality of tace ⌬Zn/⌬Zn mice (these mice lack the Zn 2ϩ -binding domain of TACE and thus lack enzymic activity) (7, 12) . The reason for this early lethality is not completely understood, although the most profound phenotype identified in new-born tace ⌬Zn/⌬Zn mice is due to the lack of EGFR ligand cleavage and functional EGFR signaling (7, 12) . This phenotype includes a failure of eyelids to fuse normally during embryonic development, a disorganized distribution and structure of hair follicles in the skin (both observed in TGF␣-and EGFR-deficient mice) (7, 12) , delayed or impaired maturation of epithelial cells in a variety of organs such as intestine and lung (all observed in EGFR-deficient mice) (14, 15) , and thickened and misshapen heart valves and defects in the branching morphogenesis of the lung (both observed in heparin-binding EGF-and EGFR-deficient mice) (16 -18) .
Due to this complex phenotype, the physiological role of TACE in lymphocyte development and function has not been clearly defined. In humans, TACE mRNA has been shown to be highly expressed in the thymus and spleen (7) . High TACE protein levels have been detected in T cells, suggesting that TACE may play an important role in T cell development and/or function (7) . To study the effect of TACE-mediated cleavage, several groups have generated mice with noncleavable TACE substrates. By generating knock-in mice with noncleavable L-selectin and noncleavable TNF-␣, two recent studies have shown that shedding of membrane proteins was important for Ag-stimulated lymphocyte migration and for secondary lymphoid organ architecture such as primary B cell follicle formation (19, 20) . However, it has been difficult to predict the outcome of TACE deficiency on specific ligand receptor complexes such as the TNF-␣-TNFR pathway when both ligand and receptor are potential TACE substrates (7) . In addition, TACE is not the only sheddase that can cleave molecules of immunological importance and, in many instances, multiple and distinct sheddase activities can cleave the same substrate.
For example, TACE-independent TNF-␣ release has been observed in TACE-deficient cells (4) and the matrix metalloprotease MMP-7 can cleave TNF-␣ under some experimental conditions (7, 21) . Therefore, it has been difficult to clearly attribute TACE-mediated cleavage to these phenotypes. In addition, given that TACE is responsible for the cleavage of many cell surface proteins other than L-selectin and TNF-␣, it is important to determine first whether TACE has other effects on lymphocyte function. Importantly, it is still not clear whether hemopoietic and/or nonhemopoietic expression of TACE is required for normal lymphocyte development, which is the focus of this study.
Materials and Methods

Mice tace
⌬Zn/⌬Zn mice were generated by deleting the zinc binding domain of TACE through homologous recombination as described (12) . tace ⌬Zn/ϩ mice were originally generated using the hybrid 129 R1 ES cell line and were maintained on a mixed (C57BL/6 ϫ 129) background (12) . In the current study, tace ⌬Zn/ϩ mice obtained from J. Peschon (Amgen) had been back-crossed several times onto the C57BL/6 background and, in initial heterozygous mating studies, showed a decrease in the number of tace ⌬Zn/⌬Zn pups at P1. We sought to improve the number and viability of tace ⌬Zn/⌬Zn null pups by back-crossing these original heterozygous tace ⌬Zn/ϩ mice three times onto the 129S3 strain background (22) . Primers for the genotyping of ADAM 17 were designed with the forward primer outside of the targeting sequence using 5Ј-GGTATGTGATAGGTGTAATGTGG-3Ј and two different reverse primers, 5Ј-TGGTCACCGCTCACAGCTA-3Ј for sequences in exon 11 of wild-type TACE and 5Ј-GAGCCCAGAAAGCGAAGGAG-3Ј for the NEO sequence. This tace ⌬Zn/ϩ mouse colony has been maintained by intercrossing for Ͼ3 years. On this strain background, ϳ25% of the tace ⌬Zn/⌬Zn null pups survive to adulthood. All experiments were conducted using postweaned (Ͼ4 wk of age) tace ⌬Zn/⌬Zn mice and control sex-and age-matched wild-type littermates unless otherwise stated. All bone marrow transfers were conducted using specific pathogen-free (Helicobacter-free) RAG1
Ϫ/Ϫ mice (where RAG1 is recombination-activating gene 1). Mice were maintained in a temperature-controlled room with a 12-h/12-h light/dark cycle and were provided with ad libitum access to standard laboratory chow and water. 
Flow cytometry
Single cell suspensions from the thymus and spleens were generated by teasing through a 70-m strainer (BD Biosciences). RBC in splenocytes were lysed with Gey's solution. The cells were stained with the following fluorochrome-conjugated Abs (BD Pharmingen): TCR␤ (clone H57-597), CD45R/B220 (clone RA3-6B2), CD45 (clone 30-F11), CD4 (clone RM4-4), CD8␣ (clone 53-6.7), CD44 (clone IM7), CD62L/L-selectin (clone MEL-14), CD25/IL-2R (clone 7D4), CD21 (clone 7G6), CD23 (clone B3B4), IgM (clone RM60.2), IgD (clone 11-26), CD43 (clone S7), and CD19 (clone 1D3). Flow cytometry was performed in a FACSCalibur (BD Biosciences) device and data were analyzed with FlowJo software (Tree Star).
Purification of thymic epithelial cells
Thymic epithelial cells were prepared as described previously (23, 24) . Briefly, five young adult C57BL/6 thymi (3 wk old) were digested for 30 min with collagenase/DNase in RPMI 1640 with 2% FBS. In the last 5 min, EDTA was added to 10 mM. Cells were then teased through a 40 M falcon filter and then separated on a discontinuous Percoll density gradient. The thymic epithelial cell-enriched fraction was collected and stained with CD45-FITC and G8.8-allophycocyanin (provided by C. Benoist, Joslin Diabetes Center, Harvard Medical School, Boston, MA), and the thymic epithelial cells were sorted by gating on the CD45 Ϫ G8.8 ϩ population.
Real-time PCR
For PCR, the specific primers and fluorogenic probe for murine ADAM17 were designed using Primer Express 1.5 (Applied Biosystems) and synthesized by the St Jude Hartwell Center for Biotechnology and Bioinformatics (Memphis, TN). The sequences for the TACE primers and probe are 5Ј-TGGGACACAATTTTGGAGCA-3Ј (forward primer), 5Ј-CCTCCTT GGTCCTCATTTGG-3Ј (reverse primer), and FAM-CATGACCCTGAT GGGCTAGCAGAATGTG-TAMRA (probe). The primers were designed to span introns and control against the amplification of genomic DNA. The ␤-actin mRNA primer/probe set (Applied Biosystems) was used to normalize differences in the amount of total RNA in each sample. RNA from FACS-purified thymocyte subpopulations (CD4 Ϫ CD8 Ϫ , CD4 ϩ CD8 ϩ , and CD4 ϩ , CD8 ϩ ) and thymic epithelial cells was purified using TRIzol (Invitrogen Life Technologies) according to the manufacturer's instructions. The relative quantities of mRNA were calculated from standard curves and normalized to actin mRNA.
ELISA
EDTA-treated plasma was obtained from adult tace ⌬Zn/⌬Zn and wild-type age-and sex-matched littermates and stored at Ϫ20°C. Thawed plasma was diluted 1/10 according to the manufacturer's protocol before measuring soluble TNF receptors using specific soluble TNFR1 and soluble TNFR2 ELISAs (R&D Systems).
Preparation of bone marrow chimeras
Bone marrow cells were harvested from the femurs and tibiae of tace ⌬Zn/⌬Zn mice or tace wild-type littermates. Bone marrow cells were then depleted of T cell, B cell, and NK cells (biotinylated Abs against CD3, CD4, CD8, B220, and pan-NK) using streptavidin-coupled paramagnetic beads (autoMACS; Miltenyi Biotec). RAG1
Ϫ/Ϫ recipient mice were irradiated with 450 rad from a cesium source. After irradiation, 3 ϫ 10 6 bone marrow cells from tace wild-type or tace ⌬Zn/⌬Zn mice were transferred to recipients via tail vein injection. Bone marrow reconstitution was confirmed 6 wk after reconstitution and animals were analyzed 2-6 wk later.
Histologic analysis and immunohistochemistry
Spleens from mice were fixed in 10% neutral buffered formalin overnight and then embedded in paraffin. The tissue was sectioned at 4 m, stained with H&E, and examined by light microscopy. Immunohistochemistry was performed on paraffin-embedded sections. Anti-CD3 (Santa Cruz Biotechnology) or anti-B220 (BD Pharmingen) Abs were used to stain for T or B cells. Germinal centers were stained using peanut agglutinin (PNA; Vector Laboratories).
Statistical analysis
All data are represented as mean Ϯ SE. Statistical analysis was performed using the Student's t test. Values were accepted as being statistically significantly different if p Ͻ 0.05.
Results
Determining the role of TACE in lymphocyte development
The goal of this study was to determine whether cell autonomous or non-cell autonomous expression of TACE was required for T and B cell development. This was determined by analyzing TACE-deficient (tace ⌬Zn/⌬Zn ) mice or tace ⌬Zn/⌬Zn bone marrow RAG1
Ϫ/Ϫ recipients (in which the nonhemopoietic cells would be TACE wild type). By maintaining tace ⌬Zn/⌬Zn mice on a mixed (C57BL/6 ϫ 129) background, we were able to generate a subpopulation of tace ⌬Zn/⌬Zn mice that survived beyond weaning to adulthood (see Materials and Methods). These adult tace ⌬Zn/⌬Zn mice displayed many of the characteristic features previously associated with TACE deficiency, including open eyelids at birth, stunted and curly vibrissae, perturbed hair coats, and reduced body weights (R. W. Gelling, S. M. Fitzgerald, P. O. Lim, S. Al-Noori, J. Raycraft, A. Pardini, G. J. Morton, K. Ogimoto, M. W. Schwartz, and P. J. Dempsey, unpublished observations). Although some mice survive, they have reduced fat mass and increased energy expenditure. The frequency of surviving adult nulls is ϳ1:10 based on the expected Mendelian ratio. Of the nulls born ϳ25% survive to adulthood with 50% dying between postnatal day 1 (P1) and postnatal day 2 (P2) (presumably due to heart and/or lung defects) and 25% dying before weaning due to severe wasting.
We first verified the phenotype of TACE deficiency by assessing the cleavage of two well-known TACE substrates, TNFRs and L-selectin (CD62L). Soluble TNFR (sTNFR) ectodomains are readily detected in adult mouse plasma. The dramatic reduction in sTNFR2 levels and, to a lesser extent, the reduction in sTNFR1 levels in plasma from adult tace ⌬Zn/⌬Zn mice confirmed that these mice lack TACE proteolytic activity (Fig. 1A) . Interestingly, the plasma levels of sTNFR1 were only decreased by ϳ50% in tace ⌬Zn/⌬Zn mice compared with their wild-type littermates, suggesting that other sheddases besides TACE may be involved in TNFR1 ectodomain cleavage in vivo.
Because both TACE and most TACE substrates are broadly expressed, we then asked whether TACE activity on lymphocytes was required for soluble TNF-␣ receptor production. Bone marrow from either TACE deficient (tace ⌬Zn/⌬Zn ) or TACE wild-type (tace ϩ/ϩ ) littermates were used to reconstitute irradiated RAG1 Ϫ/Ϫ mice. Due to the fragility of the few tace ⌬Zn/⌬Zn mice that survive to adulthood, the reciprocal experiment (wild-type bone marrow into irradiated tace ⌬Zn/⌬Zn mice) is not technically feasible. Plasma sTNFR1 levels in both bone marrow-reconstituted groups were identical (Fig. 1A) . Likewise, plasma sTNFR2 levels in tace ⌬Zn/⌬Zn bone marrow-reconstituted mice were not considerably different from TACE wildtype bone marrow-reconstituted mice (Fig. 1B) . However, given that the plasma concentrations of both sTNFRs were significantly higher in the tace ⌬Zn/⌬Zn bone marrow-reconstituted mice compared with their tace ⌬Zn/⌬Zn counterparts, these data suggest that TACE activity on nonlymphoid cells was predominantly responsible for soluble TNF-␣ receptor production. To verify that the T cells in these mice do lack TACE activity, we assessed their ability to cleave L-selectin following PMA treatment (12) . Although this ability was intact in wild-type bone marrow recipients, CD4
ϩ T cells from tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice clearly lacked PMA-induced L-selectin cleavage (Fig. 1C) , confirming the reconstitution of tace ⌬Zn/⌬Zn T cells in RAG1 Ϫ/Ϫ mice.
T cell development is impaired in tace ⌬Zn/⌬Zn mice but not in tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice To assess whether there is a role for nonhemopoietic expression of TACE in modulating T cell development, we first had to assess TACE expression in the thymus. We purified thymic epithelial cells by FACS and compared their levels of TACE expression to that of different thymocyte populations. The data show that double-negative (DN; CD4 Ϫ CD8 Ϫ ) thymocytes express ϳ2-fold more TACE mRNA than double-positive (DP; CD4 ϩ CD8 ϩ ) and singlepositive (SP; CD4 ϩ or CD8 ϩ ) thymocyte populations, while thymic epithelial cells express nearly 3-fold more TACE mRNA compared with most thymocyte populations (Fig. 1D) .
We next assessed the role of TACE mediated-cleavage in T cell development. tace ⌬Zn/⌬Zn mice had significantly less total thymocytes (ϳ5-fold reduction) compared with wild-type controls ( Fig.  2A) . Although the number of DN thymocytes was normal, the number of DP and SP thymocytes was significantly reduced (Fig.  2A) . These alterations resulted in a reduction in the percentage of DP thymocytes and a compensatory increase in the DN and SP percentages (Fig. 2B) . The cause of this decrease is unclear but could be due to a deficiency in T cell development, increased apoptosis, or reduced proliferation at the DN4-DP transition. To further investigate the specific stage of thymocyte development that was blocked in tace ⌬Zn/⌬Zn mice, the DN1-DN4 subcompartments of early T cell development were identified by CD25 and CD44 staining. This analysis clearly showed that early T cell development in tace ⌬Zn/⌬Zn mice is normal, because the number and percentage of DN1-DN4 thymocytes was comparable to that of wildtype mice (Fig. 2C) . These data clearly demonstrate a requirement for TACE in T cell development at the DN4-DP transition.
To investigate whether this partial block in T cell development was due to a lack of TACE on hemopoietic or nonhemopoietic cells, bone marrow from tace wild-type or tace ⌬Zn/⌬Zn littermates was used to reconstitute RAG1 Ϫ/Ϫ mice that lack T and B cells (25) . Interestingly, T cell development was completely normal with the number and percentage of thymocyte subsets in the tace ⌬Zn/⌬Zn bone marrow recipients, compared with that of their wild-type littermate controls (Fig. 2, D-F) . These data clearly demonstrate that the requirement for TACE activity in T cell development is non-cell autonomous.
Given that T cell development in tace ⌬Zn/⌬Zn mice is partially blocked in the thymus, it was not surprising that these mice had a ϳ5-fold decrease of T cell numbers in the spleen (Fig. 3A) . In contrast, a normal number and percentage of T cells was observed in tace ⌬Zn/⌬Zn bone marrow recipients (Fig. 3D) . The splenic CD4: CD8 T cell ratio was normal in tace ⌬Zn/⌬Zn mice, suggesting both subsets are equally affected (Fig. 3C) . Taken together, these results demonstrate that loss of TACE expression in thymocytes has no effect on T cell development. Importantly, our data also show that nonhemopoietic expression of TACE is required for normal T cell development.
B cell development was blocked in the spleen in tace
⌬Zn/⌬Zn mice but not in tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice Interestingly, as was seen for T cells, the total B cell number in the spleen was decreased ϳ5-fold in the tace ⌬Zn/⌬Zn mice but not in tace ⌬Zn/⌬Zn bone marrow RAG1 Ϫ/Ϫ recipients (Fig. 3, A and D) . To examine whether these mice have a defect in B cell development, the numbers of pro-B cells (
, and mature B cells (CD19 ϩ CD43 Ϫ IgD ϩ ) in the bone marrow of tace ⌬Zn/⌬Zn and wild-type mice were determined. Essentially, the numbers of all B cell populations examined were normal in tace ⌬Zn/⌬Zn mice and tace ⌬Zn/⌬Zn bone marrow recipients compared with their wild-type counterparts (Fig. 4, A and D) , suggesting no defect in bone marrow B cell development.
B cell precursors emigrate from the bone marrow and mature in the spleen (26) . Therefore, we next examined B cell development in the spleen. Transitional B cells, follicular B cells, and marginal zone B cells were segregated based on differential CD21 and CD23 expression. There was a significant reduction in both the percentage (ϳ3-fold) and number (ϳ10-fold) of transitional B cells (CD23 Ϫ CD21 Ϫ ) in the spleens of tace ⌬Zn/⌬Zn mice (Fig. 4B ). Although there was a slight increase of the percentage of follicular B cells (CD23 ϩ CD21 ϩ ), their absolute numbers were clearly reduced. Curiously, CD23 expression was also increased ϳ4.5-fold on tace ⌬Zn/⌬Zn follicular B cells. Given that CD23 has recently been shown to be a substrate for ADAM10/Kuzbanian (27) , it is conceivable that it may also be a target for TACE. The percentage of tace ⌬Zn/⌬Zn marginal zone B cells (CD23 Ϫ CD21 ϩ ) was normal but there was a ϳ4-fold reduction in their absolute number (Fig.  4B) . Consistent with these observations the percentage and the absolute number of F-III B cells (IgM high IgD low ) was drastically decreased, with F-III B cells representing early transitional B cells (type 1 transition or T1) and marginal zone B cells (28) . Taken together, these data suggest that B cell development may be blocked as early as T1, which represent the most recent emigrants B and E, Thymocytes from wild-type (wt) and tace ⌬Zn/⌬Zn mice (B) or wild-type and tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice (E) were stained with CD4/CD8 and analyzed by flow cytometry. Percentages of CD4/CD8 DN, CD4/CD8 DP, CD4 SP, and CD8 SP cells in total thymocytes were calculated. Each bar chart represents the mean ϩ SE for each group. C and F, Thymocytes were stained for CD4/CD8 DN thymic developmental markers (CD25 and CD44) and analyzed by flow cytometry. Analysis was performed by a quadrant gate set up to obtain percentages of each developmental stage from DN1 to DN4. Each bar chart represents the mean Ϯ SE for each group of six mice.
from the bone marrow. Therefore, not surprisingly the numbers of B cells at all developmental stages were drastically decreased in tace ⌬Zn/⌬Zn mice (Fig. 4, B and C) . Similar to T cell development, B cell development in the spleens of tace ⌬Zn/⌬Zn bone marrowreconstituted RAG1 Ϫ/Ϫ mice was normal (Fig. 4, D-F) . These results suggest that TACE expression on nonhemopoietic cells in the spleen is required for normal B cell development.
Lymphoid organ structure and germinal center formation were impaired in tace ⌬Zn/⌬Zn mice but not in tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice Splenic white pulp is highly structured and organized into three major compartments: the periarteriolar lymphoid sheaths that contain mainly T cells, primary B cell follicles consisting of recirculating B cells, and the marginal zone in which lymphocytes enter the white pulp area. TNF-␣, a key TACE substrate, is important for maintaining this structure. TNF-␣ knockout mice do not have primary B cell follicles and PNA-positive marginal zone metallophilic macrophages (29, 30) . Interestingly, a noncleavable TNF-␣ knock-in could partially rescue the formation of the continuous layer of PNA-positive marginal zone metallophilic macrophages but not the formation of primary B cell follicles (20) . With this in mind, we asked what effect TACE deficiency has on splenic white pulp architecture. Consistent with the phenotype of TNF-␣ knockout and noncleavable TNF-␣ knock-in mice, no B cell follicle formation was observed in tace ⌬Zn/⌬Zn mice (Fig. 5) . The primary B cells in the spleens of tace ⌬Zn/⌬Zn mice formed a typical ringlike structure around T cell area (Fig. 5) . Due to the abnormality in T/B cell development, the loss of B cell and T cell segregation was also apparent in the white pulp in tace ⌬Zn/⌬Zn mice (Figs. 4B and 5). TNF-␣ is also required for splenic germinal center formation and a noncleavable TNF-␣ knock-in partially restores the establishment of germinal centers. In tace ⌬Zn/⌬Zn mice, however, we did not observe any germinal center formation in the spleen (Fig. 5) .
Consistent with our observations above, primary B cell follicle formation and germinal center formation were both normal in all tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice, demonstrating that TACE expression in B cells is not required for the maintenance of splenic architecture and germinal center formation. The immunohistochemical characterization of the entire splenic lymphoid tissue correlates with the immunocytologic findings and clearly demonstrates the presence of B cells, T cells, and germinal centers in similar numbers and sizes compared with the control. However, TACE expression on nonlymphocyte populations was clearly required for B cell development.
Discussion
Our results clearly show that TACE activity on nonhemopoietic cell populations was required for normal T cell development in the thymus, suggesting that TACE requirement was non-T cell autonomous. What might be the possible target of this TACE activity? Of all the currently identified TACE substrates, Notch (and its ligands) is the only one that had been shown to be crucial for T cell development (31, 32) . However, while this might appear to be the most likely target for nonhemopoietic TACE activity, we cannot rule out the possibility that other, as yet unknown substrates play a significant role in lymphocyte development. For instance, an alternative hypothesis is that loss of TACE activity in nonhemopoietic cells results in the development of aberrant stromal cells that indirectly block lymphocyte development due to aberrant thymic or splenic architecture or a block in stromal cell development.
Two ADAM family proteases Kuzbanian (ADAM10) and TACE have been implicated in Notch signaling (8, 33, 34) . To initiate Notch signaling, they need to be cleaved by Kuzbanian and/or TACE (8, 33, 34) . In addition, Kuzbanian will also regulate Notch signaling by releasing Notch ligands by cell surface cleavage (35, 36) . In Caenorhabditis elegans, Kuzbanian (SUP-17) and TACE (ADM-4) are functionally redundant with regard to Notch receptor cleavage (37) . However, in mice only the Kuzbaniandeletion mutant had a similar phenotype to that of Notch-deficient mice during development (38) . A recent study showed that dominant-negative Kuzbanian transgenic mice have a partial T cell development block at the DN stage, a phenotype very similar to that of Lck-conditional Notch-1 Ϫ/Ϫ mice (39, 40) . It has also been suggested that this partial block in T cell development is due to the lack of Notch-1 cleavage on T cells (39) . In this study we showed that tace ⌬Zn/⌬Zn mice have a strikingly similar phenotype to that of the Lck-conditional Notch-1 Ϫ/Ϫ mice and the dominant-negative Kuzbanian transgenic mice, suggesting that TACE may also be involved in Notch signaling. However, surprisingly T cell development was normal in tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice, suggesting that Notch in tace ⌬Zn/⌬Zn T cells is functioning normally. This observation raises the possibility that TACE is involved in the release of Notch ligands from thymic stromal cells and that this is required for normal T cell development. A possible candidate might include Delta1, which has been shown to be a target of TACE (41) . A direct link between TACE and Notch ligands could be derived from colocalization or coimmunoprecipitation experiments. However, although informative these approaches have limitations. Colocalization would not confirm whether there is functional shedding and would not be useful if trans-shedding was occurring. Furthermore, given that TACE is ubiquitously expressed, it is unlikely to be informative. Coimmunoprecipitation would be more definitive but has not been demonstrated even for well-characterized TACE substrates in primary cells.
Although Lck-conditional Notch-1 Ϫ/Ϫ mice, dominant-negative Kuzbanian transgenic mice, and tace ⌬Zn/⌬Zn mice all had a block in early T cell development (39, 40) , it appeared to occur at different stages. Thymocyte development was blocked at the DN4:DP transition in tace ⌬Zn/⌬Zn mice, at DN3-DN4 in Lck-conditional Notch-1 Ϫ/Ϫ mice, and at an early DN2 stage in dominant negative Kuzbanian transgenic mice. Taken together, the simplest hypothesis based on these observations and our data is that TACE regulates T cell development at the DN4:DP transition by controlling Notch ligand cleavage on thymic epithelial cells, while Kuzbanian/ ADAM10 primarily regulates Notch cleavage on T cells between DN2 and DN4. However, why these events are required at different stages of T cell development remains to be clarified.
Our data also showed that TACE expression was required for B cell development/maturation in the spleen. This block occurred as early as the T1 stage. Several TACE target proteins, such as Notch and several members of TNF-␣ family, have been shown to play important roles in B cell development (42, 43) . However, the phenotype of mice lacking these proteins does not completely phenocopy the pattern of B cell development in mice that lack TACE. Therefore, it is not clear whether this phenotype was due to the effect of an unknown TACE substrate or to the synergistic effect of several TACE substrates, suggesting that further study is required.
In the spleens of tace ⌬Zn/⌬Zn mice, B cell follicle and germinal center formation was severely impaired. This phenotype was very similar to that of TNF-␣ and TNF receptor-1 knockout mice, suggesting that TNF-␣ cleavage was crucial for TNF-␣ function (29, 30) . The loss of B cell follicle formation was consistent with a previous analysis of noncleavable TNF-␣ knock-in mice (20) . However, there were some differences in the phenotypes of these mice. The noncleavable TNF-␣ knock-in partially rescued the establishment of germinal centers, which were seen in tace ⌬Zn/⌬Zn mice. The loss of TACE activity would be predicted to not only perturb TNF-␣ signaling at the level of ligand presentation but also at the level of functional receptors, and this may explain the more severe phenotype observed in tace ⌬Zn/⌬Zn mice. Alternatively, there may be an additional, as yet unknown TACE substrate that is required for these key events. Furthermore, we observed normal B cell follicle and germinal center formation in tace ⌬Zn/⌬Zn bone marrow-reconstituted RAG1 Ϫ/Ϫ mice, clearly indicating that these TACE-dependent events occur on non-B cell populations.
In conclusion, we have shown that TACE plays an important role in lymphocyte development. Early T cell development, splenic B cell maturation, B cell follicle organization, and germinal center formation were all impaired in tace ⌬Zn/⌬Zn mice. Interestingly, all of these defects were restored in tace ⌬Zn/⌬Zn bone marrow reconstituted RAG1 Ϫ/Ϫ recipients, clearly demonstrating that TACE activity on lymphocytes was not required. However, we cannot rule out the possibility that lymphocyte-expressed substrates are being cleaved by TACE in trans, which has recently been shown to occur in some instances in ADAM10-mediated cleavage (44) . These data demonstrate that nonlymphocyte, noncell autonomous expression of TACE is required for normal T cell development, peripheral B cell maturation, and the maintenance of splenic architecture.
